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CONTOURON DRAGOFPARABOLZCAFTERBODIES

By DonaldJ. VargoandGeraldW. Englert

SUMMARY

Theeffectof nozzleinternalcontouronafterbodydragwasinves-
tigatedin theLewis8-by 6-footsupersonicwindtunnel.Fivediffer-
entnozzle-afterbodyconfigurationswereevaluated.

y Ingeneral,forthesameratioof nozzle-exitareato throatarea,

B
changingthenozzlecontoursothattheanglebetweentheaxisof sym-
metryandthenozzlewallat theexitwasincreasedcausedan increase
intheinteractionoftheexhaustjetontheafterbodydrag.This
interactionwassuchthat,fortheconvergent-divergentnozzleconfigu-
rationsat lowpressureratios,theflowfromthenozzlesaspiratedthe
baseregionandincreasedthedrag.At highpressureratiosthejet.
interactiondecreasedthetotalexternalafterbodydragofboththe
convergentandconvergent-divergentnozzles.

INTRODUCTION

Maximizingthethrustminusdragof jet-poweredaircraftandmis-
sileconfigurationsnecessitatestheselectionof themst efficient
exitnozzleandafterbodyconibination.Coqarisonofthedifferent
convergent-divergentnozzlespresentedinreference1 showsa dependence
ofthenozzlethrustcharacteristicson thenozzlecontour.Thedata
ofreference1 also’show,at lownozzlepressureratios~a dependence
ofthrustor internal-flowresultsonexternalflow. interactioneffects
betweeninternalandekternalflowarefurtherdemonstratedinrefer-
ences2 and3, inwhich”thedragofafterbodiesisshowntobe quite
dependentonthejetisstiingfromthenozzle.

Theinvestigationreportedinreference3 wasto illustratethe
effectof nozzleexpansionratioon jetafterbodyinteraction.Of equal
interestistheinfluenceata givenexpansionratioofthenozzle
contouron afterbodydrag.

A
Thisreportpresentstheresultsof investigatingtheeffectof

threedifferentconvergent-divergentnozzlecontoursandtwoconvergent*
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contourson the dragof surroundingparabolicafterbodies. Thesefive
nozzleswereoperatedovera rangeofpressureratiosfromjet-offto

.

greaterthan12atfree-streamMachnumbersof 1.6and2.0. TheReyn-
oldsnumberbasedonmodellengthandfree-streamflow conditions
variedfrom2.14x107to3.24x107. -&

2

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

%

CP

k

L

M

P

+0

P

q

R

v

x

T

dragcoefficientbasedon~xinmmbodyarea

pressurecoefficient,&PO)/~

constantinnozzlecontourequation= V*2- ~12

lengthof convergentportionofnozzle

Machnunber

totalpressure,lb/sqft

nozzlepressureratio

staticpressure>lb/sqft

dynamicpressure,rpM2/2,lb/sqft

radius,in.

velocity,ft/sec

axialdistance,in.

ratioof specificheats

Subscripts:

a boattail

b base

N nozzle

P pressure

t total

.

.

—
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0 freestream

1 nozzleentrance

* nozzlethroat

APPARATUSANDPROCEDURE
w
N Thebasicapparatusemployedwasa bodyofrevolutionsupportedin
4 theLewis8-by 6-footsupersonic-wind-tunneltestsectionby meansof

twohollowstruts(fig.l(a)).ThebodyconsistedofELparabolicnose,
a cylindricalcenterbody,andtheafterbodyandexit-nozzleconfigu-
rationbeingevaluated.Thehollowsupportstrutsservedtheadditional
purposeof ductinghigh-pressureairintothenmdel.Afterentering
themodelthisinternalairwasturned90°,passedthrougha honeycomb
flowstraightener,andthendischargedthroughthetestnozzle.In

.!$ ordertoavoidthepossibleformationof condensationshocksinthe
J nozzle,theairwaspreheatedto400°F.

l-l Thebasicbodyhada maximmdiameterof 8.25inchesand,forall
& nozzleconfigurationsexcepttheconvergent-divergentuniform-exittype,

was83.75incheslongincludingtheafterlmdy.Thisnozzlenecessitated
extensionofthemodellengthto 85.75inches.Thebodywassomounted

. thattherearportionoftheafterbodyandpartofthejetcouldbe
viewedfromschlierenwindowsmountedinthetunnelwalls.

. A strain-gagetypebalancewaslocatedwithintheforebodyofthe
model.Withonesideofthebalancefixedor groundedtothesupport
struts,theentireouterfairingof thebasicbodywasattachedtothe
freeormeasuringsideofthebalance(fig.l(b)).Balance-derived
dragforceswerecomparedwithforcesobtainedby an integrationof
staticpressuressuppliedby pressureinstrumentationonvarioussections
ofthemodel.A moredetailedanalysisof thebodydimensionsand
force-reductiontechniquesemployedispresentedintheappendixof
reference4.

Twoof theconvergent-divergentnozzlesusedinthisinvestigation
utilizeda basicconvergentsectionthatalsoservedas oneofthe
convergentnozzles.Thecontourof thissection(fig.2(b]),basedon
a one-dimensionalflowanalysis,wassuchthattheaccelerationof the
airas a functionofaxialdistancefromthenozzleentrancetothe

throatfollowedthetrigonometricfunction
(;l-

C062?rx
T ) , where L

isthelengthof theconvergentsectionand k equalsthenozzlethroat
* velocitysquaredminustheentrancevelocitysquared.Thiscriterion

yieldsa snmothbellmouth

.-

typeofnozzlewith

11,~
----””

quiteuniformflowat
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thethroat.Oneof theseconvergent-divergentnozzlesusingtheconver-
gentsectionhada divergentportion(fig.2(c)) thatwasexpanded
quiterapidlyinan attemptto induceseparationwhenthenozzlewas

*-

onlyslightlyoverexpanded.Theanglebetweentheaxisof symmetryand
thewallofthisnozzleat theexitstationwas18.4°.Theother &
convergent-divergentnozzlehavingthissameconvergentsectionalso loN
hada divergentsectiondesignedforuniformexitf’lowbyuseofaxially M
symmetriccharacteristics(fig.2(e)].Thisnozzleshould,therefore,
havea highefficiencyatthe-des~~-point.

Theotherconvergentnozzle(fig.2(a))consisted
anglecone.Theremainingconvergent-divergentnozzle
sistedofa 25°conicalconvergentsectionattachedto
divergingsectionwitha snmothfairingat thethroat.

.+__ .“

of a 120-half-
(fig* O:omcy -
a 3.6°
This nozzlewas

geometricallysimilartooneofthenozzlesreportedinreference5 in
quiescentair. Ithada ratioof exitto throatareaof 1.39.The
othertwoconvergent-divergentnozzleshadexpansionarearatiosof 1.44.

—
.

Twodifferentboattailswereusedtoencompassthefivedifferent
nozzles.Thiswasa resultofthedifferenceinexitdiametersbetween
theconvergentandconvergent-divergentnozzles,whichinturnwasdue
tofixingthethroatdiameterofallfivenozzlesat onevalue.The
sameequation(fig.2),however,describesbothboattailsjthatforthe
convergent-divergentnozzlesbeingcutoff_.shorterthantheboattailfor
theconvergentnozzles.A clearanceof0.1inchbetweentheboattail
innersurfaceandnozzleouterwallwasmaintainedforallnozzle

a

configurationsexcepttheconicalconvergent-divergenttype.Forthis
case,theclearancewasenlargedtoapproximately0.2inch,astheexit

——

diameterof thisnozzlewasslightlylessthanthatoftherapidly
.

diverginganduniform-exitconvergent-divergentnozzles.

Thepressureratioacrossthenozzle,whichisdefinedasthetotal
pressureat thenozzleentrancedividedby thestaticfree-stream
pressure,wasinmst casesvariedfromapproximately12toa jet-off
condition.Datawereobtainedat free-streamMachnunibersof 2.0and
1.6andat zeroangleofattack.Pressureorificeswerelocatedalong
thetop,bottom,andsideboattailsurfaces,as isillustratedin
figure3. Basepressurewasmeasuredby meansof threepressuretubes
intheannulusbetweentheboattailandnozzlewalls. .

RESUIITSANDDISCUSSION

Theflowissuingfromtherearofan aerodynamicbodywillentrain
airfromthesemideadbaseregionsandthustendto lowerthepressure
andincreasethedragof theafterbody(ref.2). Counteractingthe
dragincreasesduetothisaspirationeffectisa compressionof the
externalflowby theinteractionofthejetissuingfromthenozzle.

4

—

.
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Thisoccursbecausetheexternalflowalongtheboattailofanaero-
dynamicbodymustin?mxtcasesmakean abruptchangeindirectionwhen
itmeetsthejetstream.Whenthefreestreamissupersonic,this
abruptchangein directionisaccompaniedby theformationofan oblique
shock.Becauseofthepresenceoftheboundarylayerontheboattail
surface,thepressureincreaseacrosstheshockmaybe transmittedup-
stream,thickeningtheboundarylayerandreplacingtheoriginalshock
witha seriesofweakershocksthatfanoutalongtheafterbodysurface.
As thepressureratioacrossthenozzleis increasedto theetientthat
thenozzleisunderexpanded- thatis,theexitstaticpressureofthe
nozzleisgreaterthantheexternalanbientstaticpressure- thejet
continuestoexpandor divergeafterit leavesthenozzleexit. This
additionaldivergenceofthejetincreasesthestrengthofthepreviously
mentionedshockwavesandcausesthemtonmveforward,whichmovement
tentitoreducethesfterbodywavedrag.Thisphenomenonhasbeen
demonstratedinreferences2 and3.

In additionto jetpressureratio,a changeinthenozzlecontour’
canalsoincreasejetdivergenceandresultin external-flowchanges
similarto thosejustdiscussed.Differencesin thestreamshock
patterncausedby changeofnozzlecontourareapparentintheschlieren
photographsoffigure4. Thesketchin theupperlefthandcorneris
a compositeof themainpointsof interestofthethreephotographs.
Theseschlierenphotographsweretakenata free-streamMachnuniberof
1.6andat a nozzlepressureratio(totalpressureat nozzleentrance.
to free-streamstaticpressure)of 8.9. Thepositionof shockcoales-
cenceabouttheafterbodyfairingwasthenmstrearwardfortheuniform-

. exitconvergent-divergentnozzle.On theotherhand,theobliqueshock
generatedinthefreestreamattainedthemaximumpositionforwardof
theplaneofthenozzleexitwiththerapidlydivergentnozzle.The
variationof shockpositionwasconsistentwiththevariationof the
anglebetweentheaxisof symmetryandthenozzlewallattheexit
station;thatis,an increasingangledrivestheshockfartherforward
ontheafterbody.

BoattailPressureDrag

Theboattailpressuredragobtainedby integrationof thepressures
measuredalongtheboattailsurfaceCD,a ispresentedinfigure5 as
a functionof nozzlepressureratioP1/Po● Sincetheconical
convergent-divergentnozzlehadan expansionarearatio(1.39}slightly
differentfromthatoftheothertwodivergentnozzles(1.44),an
additionalvariableispresentinthesedragcurves(fig.S(a)).Linear
interpolationof dataofreference3 wasusedtoattemptanadjustment

. of thisdatatoan arearatioof 1.44.Theresultsareshownby the
dashedlineson thedrag

,-

figures.

,----
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Someaspirationeffectisindicatedfor
nozzlesat a free-streamMachnuniber~ of

NACARM E543D2
.

theconvergent-divergent
1.6andlowpressureratios, ““-

as thedragincreaseswithan increaseofpressureratio.Beyonda
pressureratioof 6,whichcorrespondsquitecloselytothedesignprek- ““’- “~
sureratioofthesenozzles,theaspirationeffectisovershadowedby

—

thepreviouslydiscussedcompressioneffectsof thedivergingseton the
externalflow. Thisisdemonstratedby a decreaseof dragwithan in-
creaseofnozzlepressureratio.

Sincethepressureratiothatthenozzleexperiences(totalpres- &
sureaheadofnozzledividedby staticpressureatnozzle-exitstation)

Nw
isdependentontheflowabouttheafterbody,thecorrectP~PO cor-
respondingtothedesignexpansionratioisa variable.If therewere
no externalflowandno jetinterferenceon theafterbody,thedesign ““ ““–~
pressureratiosfora ratioof specificheatsof 1.4andnonviscous

—

flowwouldbe5.30fortheconicalconvergent-divergentnozzleand5.75
fortheremainingtwoconvergent-divergentnozzles. -—-—

Ingeneral,therapimydivergentnozzlehadthehighestdragof
thethreedivergentnozzlesat lowpressur~”ratios(aspirationregion)
andthelowestdragintheunderexpandedregion(high-pressure-ratio
region).Thedragof theuniform-exitnozzlewasthelowestof the
threedivergentnozzlesinthelow-pressure-ratioregionandashigh
as orhigherthantheothersinthehigh-pressureregion.

.—
.. -—

No aspirationeffectisindicatedfor.theconvergentnozzlespre-
sentedinfigure5(b),probablybecausethesenozzleswereinan under- ...
expandedconditionovernearlyalltherangeofpressureratiosstudied;
thatis,theratioofthetotalpressureofthenozzleentranceto the
staticpressureat theexitwasnearlyalwaysgreaterthan1.89,as-

—.

sumingno entropydecrease.Thecompressionor shock-interference
.—

effectsare,therefore,quitepronounced,especiallyfortheuniform-
exitnozzle. -.

In general,increasingthenozzle-wallexitangle(considered
positivewhendiverging)resultedinan increaseintheboattaildrag
of theconvergent-divergentnozzlesatpressureratiosbelowdesignaud
a decreaseintheboattaildragofboththeconvergentandconverg-ent~

—

divergentnozzleconfigurationsatpressureratiosabovedesign.Also,
thetrendsofboattailhag withwallexitangleweremarepronounced ‘“ .:
atfree-streamMachnumberof1.6thanat 2.0.

-.

BaseDrag

Theeffectof changiagnozzlecontouronbasepressureispresented -
infigure6. In general,thebasepressurewasaffectedlythechange”-

-.
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innozzlecontourinthesamemanneraswastheboattailPressWe. At
lowpressureratios,increasingthenozzle-exitflowangleincreased
thebag of theconvergent-divergentnozzleconfigurations.At high
pressureratios,increasingtheexitangledecreasedthedragofboth
theconvergentandconvergent-divergentnozzleconfigurations.As was
thecaseforboattailpressures,theeffectofnozzlepressureratio
+() onthebasepressurewasgreaterat a free-streamMachnuniberof
1.6thanat 2.0.

In general,thebasepressurefora givennozzlepressureratiois
higherat a free-streamMachnuniberof 1.6thanat 2.0,whichisin
agreementwithreference6. Someofthisincreaseofbasepressure
withdecreaseoffree-streamMachnunibermaypossiblybe dueto strut
shocksreflectedfromthetunnelwalls(fig.4)passingapproxim%tel.y
onejetdiameterdownstreamofthenmdel-exitstation(ref.7]. This
effectisbelievedtobe quiteSmalljhowever,becauseof thesmall
wakeregionfollowingthebaseofthismodel(basediameterfjetdiam-
eterofapproximately1.1).

TotalDrag

Thetotaldragof themdel measuredwiththestrain-gagebalance
systemisshowninfigure7. Sincetheforebodyandcenterbodyofthis.
modeldonotvarywithinternal-flowconditionsor nozzlegeometry,
thesecurvesarerepresentativeoftrendsofthejetinfluenceonafter-
bodydrag.. Sincetheinfluenceof thejetonfrictiondragofthe
boattailis small(ref.3),thesecurveshavethesamegeneralcharac-
teristicsas theboattailandbasepressuredragcurves.

A comparisonoftheresultsobtainedfromthebalancesystemwith
thoseobtainedby calculationandpressureintegrationis shownin
figure8. Forebodypressuredragcomputedby themethodofreference
!3,totalfrictiondragobtainedfromreference3,andbasedragcom-
putedfromfigure6 weresubtractedfromtotalhag obtainedfromthe
balancesystem.Theresultsofabovecalculation(dashedcurves)were
comparedwiththeboattailpressuredragobtainedfromfigure5. In
general,theresultingtrendsofboattailpressuredragwithnozzle
contour,free-streamMachnuniber,andjetpressureratiowerethesame
forbothtypesof measurement;however,thecalculatedvalueswere
slightlyhigherthanthosederivedfrompressureintegration.

A changein contourofa convergent-divergentnozzle,whileholding
thedesignexpansionratioconstant,mayresultineitherlossorgain
of thrustdueto changesintheradialcomponentofmmnentum,friction
losses,internalshocklosses,andseparationcharacteristicsofthenoz-
zle(refs.1, 5,and9). As a rule,theafterbodydragisrathersmall
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comparedwiththemagpitudeof thejetthrust.
oftheafterbodyandnozzleconfigurationmay,

NACARM E54D02 .

Thethrustminusdrag .
therefore,haveentirely

differenttren~ fromthedragre;ultsprese~tedherein.-Itappears,
however,thatforthecaseof convergentnozzlesandovertherangeof

—

pressureratiosstudiedhereinthethrustminusdragofthenozzleand i
afterbodyconfigurationcanbe improvedby changingfroma conical 3
nozzleto oneofuniform-exitorbellmouthdesign,as dragwouldbe
decreasedandthrustwouldbe at leastas goodas orbetterthanbefore.

SUMMARYOFRESULTS

Theeffectof changesinnozzle”contouroftwoconvergentand
threeconvergent-divergentnozzlesonthedragofparabolicafterbodtes
wasinvestigatedovera rangeofpressureratiosfromjet-offto
greaterthan12atfree-streamMachnunibersof 1.6and2.0. Forthis
rangeofvariablesthefollowingconclusionswerereached: .

1.Changingnozzlecontourso thattheanglebetweentheaxisof
symmetryandthenozzlewallat theexitstation(consideredpositive
whendiverging)wasincreasedcausedan increaseinthetotalafter-
bodydragat lowpressureratiosfortheconvergent-divergentnozzles.
A decreaseinafterbodydrag,however,forbothconvergentand

—

convergent-divergentnozzleswasexperience-dwithincreaseof exit
angleathighpressureratios.

— — .

2. Boattaildragandbasedragexhibitedthesaregeneraltrends
tithnozzlecontour,jetpressureratio,andfree-streamMachnuniber

._

as totalafterbodydrag.

3. Theinfluenceofthejetontheafterbodywasgenerallymore
pronouncedata free-streamMachnumberof1.6thanat 2.0. —

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,March26,1954.
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